Abstract-Under certain conditions, a high-finesse resonance phenomenon can occur in a grating waveguide structure (GWS). By varying these conditions, a shift in the resonance wavelength can be achieved. Specifically, utilizing the high finesse property of the GWS, small changes in the refractive index can result in a tuning range larger than the resonance bandwidth. Here, we consider different electric-field and charge carrier mechanisms that can affect the refractive index in semiconductor materials, and exploit them in order to control the refractive index change and, therefore, the resonance wavelength in the GWS. The predicted results are verified experimentally with an active GWS formed with semiconductor materials and operated in a reverse voltage configuration.
I. INTRODUCTION
A LTHOUGH diffraction of light from periodic structures has been investigated for many years, recent developments in electron beam and lithographic technologies have led to a resurgence of research in this field. This is particularly true for high-resolution gratings that have specific resonance anomalies which were first observed by Wood [1] and subsequently subjected to extensive theoretical investigations [2] - [6] . These investigations have been expanded to resonance anomalies in a grating waveguide structure (GWS), and include new theoretical and experimental developments [7] - [16] .
The basic GWS is comprised of a waveguide layer, a grating, and a substrate. The waveguide serves as a cavity in which discrete modes can propagate. A grating on top of the waveguide couples an incident illumination plane wave to the discrete modes within the waveguide. When the grating applies only a weak perturbation to the waveguide structure, the GWS will behave as a high-quality resonator with high finesse [14] , [15] .
A GWS can serve as a light modulator by dynamically varying its resonance wavelength [16] . Such dynamic variations are possible for GWS with high finesse, whereby they are highly sensitive to any dephasing process that changes the resonance condition. Accordingly, a shift of the resonance wavelength is achieved by modifying the refractive index in the waveguide or in adjacent layers of the GWS. In this paper, we consider several existing theoretical models for changing the refractive index in semiconductor materials that can be applied to form an active GWS. The refractive index change is induced by applying an external electric field and by changing the free charge carrier density. By properly controlling material properties (e.g., the energy bandgap and doping concentration), as well as optical mode properties, the interaction between electrons and photons can be maximized. However, a large interaction induces high absorption in the waveguide cavity, which in turn reduces the finesse of the GWS, and accordingly determines a limit to the achievable resonance wavelength shift.
II. BASIC PRINCIPLES OF A GWS
In its most simple form, the GWS is comprised of a substrate, a waveguide layer, and a grating layer, as illustrated in Fig. 1 . When such a structure is illuminated by an incident light beam, most of the beam is transmitted directly through the structure, while a small fraction is diffracted by the grating and trapped in the waveguide layer. Some of the trapped light in the waveguide layer is then rediffracted out, such that it interferes destructively with the transmitted part of the light beam. At a specific wavelength and angular orientation of the incident beam the structure resonates-namely, complete interference occurs and no light is transmitted. The basic relation between the resonant photon wavelength, the grating period and the propagating mode 0018-9197/01$10.00 © 2001 IEEE wave-vector is derived by a momentum conservation equation to yield (1) where refractive index of the cladding layer above the structure; refractive index of the waveguide layer; , angle of the incident light and the angle of the diffracted light, respectively; light wave-vector at resonance where is the wavelength of the incident wave in vacuum;
-grating wave-vector, where is the period of the grating; integer ( for the simplest case of a single-mode waveguide).
We utilized two different models for the analysis of the spectral behavior of a GWS [13] . The first is based on a geometrical ray picture approach for describing the multiple interference, similar to that used for analyzing the multiple interference in a Fabry-Perot resonator. According to this model, for a small diffraction coefficient the normalized transmission intensity ratio around the resonance ( being the transmission off-resonance) can be approximated by a Lorentzian behavior, given by (2) where wave-vector detuning from the resonance wave-vector; coupling coefficient; absorption coefficient. The coupling coefficient depends on the thickness of the grating and waveguide layers, and on the refractive index of the different layers in the structure [13] . Proper design of the structure will lead to a certain coupling coefficient , which determines the bandwidth of the transmission intensity. When the absorption is negligible, and the transmission intensity ratio can approach zero at resonance. When is of the order of , the effect of absorption must be taken into account, whereby the transmission intensity ratio will be greater than zero at resonance, resulting in an increased resonance bandwidth. When , no resonance phenomena will be observed.
The second model for analyzing the resonance behavior of GWS is based on the coupled wave theory, in which Bragg coupling between two counter propagating modes is considered. The coupled wave model is an adaptation of a model used for analyzing DFB lasers that was developed by Kazarinov and Henry [17] , and provides details on both the spectral bandwidth as well as the angular beamwidth of the GWS. It was shown that, according to this model, the spectral bandwidth and the angular beamwidth are not directly proportional to one another as in a Fabry-Perot resonator. According to (2) , a reduced coupling coefficient will provide a narrow bandwidth. With current technology, the grating height and, thus, the coupling coefficient can be infinitely small, such that the bandwidth limit depends on unavoidable absorption. By controlling the different parameters of the GWS, the spectral resonance bandwidth can be designed to be of the order of 0.1 nm at the wavelength region of 1.55 m [15] for which the achievable angular beamwidth can be considerably relaxed [13] , which is of interest for spectral filtering and modulation applications.
III. REFRACTIVE INDEX CHANGE IN SEMICONDUCTORS
The resonance wavelength of the GWS can be controlled by varying the refractive index of the different layers in the structure. Such a variation of the refractive index leads to a different phase matching condition, and accordingly to a resonance wavelength shift. We considered several different effects that can lead to refractive index variations, which can be divided into two main subgroups: charge carrier-related effects and electric-field-related effects. Specifically, application of an external electric field and variations of the free charge carrier concentration will cause changes in the absorption coefficient of the waveguide which, in turn, induce changes in the refractive index via the Kramers-Kronig relation. Accordingly, changes in the absorption coefficient , within a wide range of the spectrum will induce changes in the refractive index .
A. Charge Carrier Effects
Charge carrier effects include primarily bandfilling and plasma effects, each dominant at different band gap energies of the semiconductor material [18] - [21] .
The bandfilling effect, known also as the Burstein-Moss effect [18] , is based on the decrease in absorption for photon energies near the nominal bandgap which results from an increase in carrier concentration. In a reverse bias configuration, the effect can be considered as band emptying where the carriers are removed from the depletion region and, as a result, the absorption edge shifts to lower energies.
Assuming parabolic bands, the absorption near the bandgap have a square-root law dependence in the photon energy. The change in the absorption coefficient is, therefore, calculated as [19] , [20] (3)
where and are the free electrons and holes concentrations, respectively, and the sum is performed over the light-hole and the heavy-hole bands .
is the photon energy, is the band gap energy, is a constant defined by the appropriate matrix element, and are the Fermi-Dirac distribution functions for the valence band and the conduction band, respectively, and and are the initial and final states corresponding to band . The corresponding change in the refractive index is calculated through the Kramers-Kronig relation.
The plasma effect results from the free charge carrier absorption in either the conduction band or the valence bands. Using the Drude model [21] the change in the refractive index can be calculated directly as (4) where electron charge; speed of light; permittivity of the vacuum; unperturbed refractive index; effective mass of the electron; effective mass of the heavy hole; effective mass of the light hole.
B. Electric-Field Effects
There are two main electric-field-related effects: the electrooptic effect characterized by a linear dependence of the change in the refractive index on the applied electric field, and the electrorefractive effect characterized by a quadratic dependence on the electric field.
The electrooptic effect, known also as the Pockels effect, is related to the biaxial birefringence induced by the presence of an electric field [22] . With InGaAsP semiconductor materials, the major axes of the index ellipsoid are rotated by 45 in the presence of the electric field . When the electric field is weak , the refractive indices along the new directions are (5) and (6) where is the nonzero element in the electrooptic tensor , and are the rotated major axes of the index ellipsoid. The refractive index change will have orientation dependence, being positive if the light propagates along the direction and negative if it propagates along the direction. The electrorefractive effect, known also as the Franz-Keldysh effect, corresponds to the shift of the absorption edge to lower energies when an external electric field is applied [23] - [25] . The absorption coefficient can be calculated [24] as (7) where Airy function; coefficients related to the parabolic band model in the limit when the field approaches zero. The change in the refractive index is calculated using the Kramers-Kronig relation. For a low-intensity electric field, the change in the refractive index can be approximated as having a quadratic dependence on , given by (8) where is a proportionality constant.
When applying an electric field across a junction, most of the particles move along the electric-field axis, therefore making the absorption and, accordingly, the electrorefractive effect polarization dependent. These polarization effects can be included by resorting to the theory of the polarization phenomena in electroabsorption [26] , [27] .
IV. DESIGN CONSIDERATIONS
In order to vary the refractive index in an active GWS by means of charge carriers and electric-field effects, several possible GWS configurations were considered. A basic property common to all configurations is that the free charge carrier concentration and the electric-field distribution can be controlled by the application of an external voltage.
The resonance shift , due to a refractive index change , can be derived approximately from (1) . Assumption of a firstorder approximation yields (9) For the case of a small angle of incidence, (9) can be further approximated to give (10) However, the maximal change of the refractive index applicable is limited by the maximal allowed absorption in accordance with the Kramers-Kronig relation. Accordingly, from (2) it is seen that the maximal tolerable absorption is limited by the required resonance bandwidth and maximal allowed attenuation of the transmission dip (the reflection peak), which are both loss-dependent.
Two types of active GWS configurations were considered: a forward-voltage configuration, in which charge carriers are injected into the waveguide region, and a reverse-voltage configuration, where charge carriers are depleted from the active region. Each configuration differs in its resonance tunability range, induced absorption, and response to the applied voltage.
In general, in the case of the forward-voltage configuration, the achievable tuning range can be relatively large, since high changes in charge carrier concentration can be induced. However, the injection of high levels of free charge-carriers concentrations require high current levels, since the area of the GWS is rather large (up to several mm ). For example, we consider a typical case of a forward voltage configuration in a PIN structure with an area of 0.3 mm and a resonance bandwidth of 1 nm. In that case, in order to achieve a tunability range of 4 nm, and a maximal allowed attenuation of the reflection peak to 75% of its original value, the required injection current is 3 A. In order to reduce the total current, the area of the GWS must be reduced accordingly. However, reducing the GWS area results in wider resonance bandwidths and greater sensitivity to alignment of the incident light beam.
In the case of reverse-voltage configurations, electric-field and carrier-related effects occur in the depletion region. In such structures, the depletion region width depends on the nature of the junction, the doping levels and the applied reverse voltage. In these configurations the achievable tuning range is usually smaller compared to forward voltage configurations since the depletion region width decreases as the doping (and the free charge carriers concentration) increases. Therefore, the dependence of the refractive index change on the variation in charge carriers concentration is weaker in these configurations compared to the linear dependence induced in the forward voltage configurations. Furthermore, in the reverse voltage configurations, increasing the doping concentration will result in a lower breakdown voltage and, therefore, in a limited maximal change of the refractive index.
However, the main advantage of utilizing reverse voltage configurations is the ability to apply voltages rather than currents to the structure. Accordingly, the strict limitation over the GWS area imposed in forward-voltage configurations is relaxed considerably. This enables the design and utilization of narrower resonance bandwidths that can be of the order of several tenths of a nanometer in the wavelength region of 1.55 m.
Here, we chose to concentrate on high-finesse GWSs with narrow resonance bandwidths. In such structures, the tolerable absorption is relatively small, leading to a limited tunability range. Therefore, following the above discussion, we chose to consider a reverse-voltage configuration.
In order to evaluate the effective refractive index change for a given active GWS configuration, we calculated the interaction of the optical mode and the active region. Using Poisson's equation and taking into account the continuity of the field and the potential at the interface between the different layers, the depletion width and the electric-field distribution can be calculated [28] . The effect of the interaction between the optical mode and the refractive index change in the depletion region is defined as the effective refractive index change (11) where applied voltage; , depletion region edges at the -and -doped regions, respectively; mode intensity profile; normalization constant.
This evaluation is a first-order approximation, valid for . Carrier-related effects are assumed to be constant in the depletion region. Accordingly, the resulting is given by (12) where is the refractive index change corresponding to carrier-related effects, and is the modal filling factor, defined by (13) The tunability range of an active GWS based on a reversevoltage configuration depends mainly on the bandgap wavelength of the GWS materials, the doping concentration of the different layers, and the junction's location with respect to the optical mode. Maximizing the effective refractive index change can be achieved by exploiting effects such as the bandfilling and electrorefractive effects. These effects are dominant where the incident light wavelength is close to the bandgap wavelength of the waveguide material. Furthermore, a proper design of the different layers doping concentration and the location of the junction with respect to the waveguide result in a large modal filling factor. However, the doping levels are limited by the maximal allowed absorption. Consequently, the tunability range of an active GWS can be maximized.
V. FABRICATION OF ACTIVE GWS
Following the considerations discussed above, we fabricated several active GWS samples based on a reverse-voltage configuration. The configuration of a representative active GWS sample is illustrated in Fig. 2 . The substrate is an intrinsic InP layer, on top of which an additional intrinsic InP layer was grown with MOCVD. The next layer is a highly -doped cm InGaAsP layer, followed by cm -doped InP and InGaAsP layers, an intrinsic InP layer, and an intrinsic InGaAsP layer with bandgap wavelength of 1424 nm that serves as the waveguide layer and the grating layer. The grating was formed by first using an electron beam to record the grating on a AZPN114 photo-resist, which was developed to form a grating mask, and then etched into the InGaAsP layer with a selective ion-etching process. After removing the photo-resist residuals, a final grating of 85-nm thickness with a 50% duty cycle and waveguide of 525-nm thickness were formed. A cm -doped layer of InP was added above the grating with MOCVD. The thicknesses of the various layers are given in Fig. 2 . Since the difference between the refractive index of the waveguide layer and that of the cladding layer is relatively high, the optical mode is well confined. In addition, the amplitude of the grating perturbation is high, resulting in a relatively large coupling constant.
The junction is located at the upper interface of the waveguide. Since the doping in the region is a few orders of magnitude higher than the nonintentionally doped waveguide, the width of the depletion region in the region is considerably smaller than the width of the waveguide layer. In this configuration, the depletion region penetrates through the waveguide layer into the intrinsic InP layer. As a result, a large overlap between the active region and the optical mode is achieved. However, since the waveguide is nonintentionally doped, the changes induced by the external voltage are limited compared to a higher doped waveguide layer. Moreover, since the bandgap wavelength in the waveguide is relatively close to the illumination wavelength ranging from 1490 to 1590 nm, and the doping of the waveguide is particularly low, carrier-related effects are relatively small, and the electrorefractive effect is dominant. Fig. 3 shows the calculated normalized optical-mode distribution (solid curve) with respect to the different layers of the active GWS shown in Fig. 2 , and several electric-field distributions (dotted curves) induced by the application of different reverse-voltage levels. These voltage levels include an unavoidable voltage drop across the imperfect contacts of this specific sample. It is seen that increasing the applied reverse voltage results in an enhancement of the electric-field amplitude in the waveguide. Accordingly, a larger effective refractive index change is induced, leading to an increased resonance wavelength shift. . The change of the effective refractive index due to the bandfilling effect varies with the voltage as , since the active region for this effect is dominated by , and the plasma effect is negligible. It should be mentioned that although is relatively narrow, the bandfilling effect is rather large such that the effective refractive index change induced by it is not negligible.
The change of the effective refractive index also depends on the polarization of the illumination. For the TM polarization, the linear electrooptic effect is not induced by the external voltage. Thus, at low reverse-voltage levels for which the linear electrooptic effect is relatively large, the change of the refractive index for the TE polarization is greater than that for the TM polarization. The electrorefractive effect depends on polarization but in a more complex manner, 1 and is larger for the TM polarization. Accordingly, at high reverse voltage levels, the change in the refractive index is greater for the TM case.
Following the above calculations, it was found that the absorption is dominated by electroabsorption and is, therefore, highly sensitive to the illumination wavelength and polarization.
VI. EXPERIMENTAL PROCEDURE AND RESULTS
The experimental arrangement that was used for evaluating the active GWS samples is illustrated in Fig. 5 . It included a tunable external cavity diode laser operating in the wavelength range of 1490-1590 nm with a spectral resolution better than 3 pm. The beam from the laser was coupled to a single mode fiber and then expanded, collimated and polarized to obtain a linearly polarized plane wave. Part of the plane wave was directed toward the GWS, which was placed on a translating/rotating stage. The light reflected from the GWS was collected by detector and the other part of the beam was collected by detector for normalization. We applied reverse voltages to the GWS sample using a voltage source with a high-accuracy current limit, which allowed achievement of the maximum voltage possible before reaching the breakdown voltage. A computer was used for controlling the laser, the translating/rotating stage, the detectors and the voltage source. A HeNe laser beam, transmitted through a beam combiner to be collinear with the tunable diode laser beam, served to align the GWS samples with the incident beam.
Using the experimental setup illustrated in Fig. 5 , we measured several properties of the active GWS samples, the results of which are presented in Figs. 6-8. Fig. 6 shows the calculated and measured resonance wavelength shift as a function of the applied reverse voltage. The resonance shift for two different representative resonance wavelengths was first calculated and then measured for both the TE and TM polarizations. The choice of these resonance wavelengths, limited by the tunability range of the laser, allowed for the characterization of the refractive index change effects at different spectral regions with respect to the bandgap wavelength, . The calculated results were obtained by numerical procedure following (11) and (12) . The measured resonance wavelengths were set by choosing the angular orientation of the incidence beam so as to induce two different counter propagating modes in the waveguide, each of which has a different resonance wavelength [13] . In our experiments, these initial resonance wavelengths were about 1520 and 1586 nm for TE polarization, and 1515 and 1580 nm for TM polarization, all set at an incidence angle of 4.3 . Fig. 6(a) shows the calculated and measured resonance wavelength shift for the case of TE polarization. The measured resonance wavelength shift increased for the shorter wavelength which was closer the bandgap wavelength, 1424 nm. A maximal resonance wavelength shift of 0.44 nm was measured at a reverse voltage of 24.5 V at a resonance wavelength of 1520 nm, whereas a lower resonance wavelength shift of 0.33 nm was measured at a similar voltage at a resonance wavelength of 1586 nm. Fig. 6(b) shows the resonance wavelength shift for the case of TM polarization. The maximal resonance wavelength shift measured was 0.68 nm at a reverse voltage of 24.5 V at a resonance wavelength of 1515 nm, and a wavelength shift of 0.43 nm at a reverse voltage of 29 V at the resonance wavelength of 1580 nm. Accordingly, we deduce that for both the TE and the TM polarizations, the resonance wavelength shift as a function of the reverse voltage was larger for the shorter resonance wavelengths which are closer to the bandgap wavelength, . At high reverse-voltage levels, the resonance wavelength shift for the TM polarization is larger than for the TE polarization, since in this voltage region the effective refractive index change is dominated by the electrorefractive effect which is higher for the TM case. It is evident that the measured and calculated results are in good agreement. Fig. 7 shows the calculated and the measured absorption coefficient as a function of the reverse voltage for TE and TM polarizations, each with the same two resonance wavelengths used in Fig. 6 . The measured absorption coefficient results were obtained indirectly from the measurements of the attenuation of the reflected intensity peak at resonance and the broadening of resonance bandwidth, both as a function of the reverse voltage. The resonance shape was approximated by a Lorentzian function according to (2) . Fig. 7(a) shows the calculated and measured absorption coefficient as a function of the applied reverse voltage for the case of TE polarization. It is seen that increasing the applied reverse voltage resulted in a larger measured absorption coefficient. Moreover, as the resonance wavelength approached the bandgap wavelength , the absorption coefficient curve became steeper. Accordingly, for a reverse voltage of 25 V we measured an absorption coefficient of 6.9 cm at the resonance wavelength of 1520 nm, whereas at the resonance wavelength of 1586 nm, we measured an absorption coefficient of only 1.25 cm . Fig. 7(b) shows the calculated and measured absorption coefficient as a function of the reverse voltage for the case of TM polarization. As in the TE case, the absorption coefficient increased as the wavelength approached the bandgap wavelength . In this case, the measured absorption coefficient was 11.7 cm at the resonance wavelength of 1515 nm and at a reverse voltage of ( 18) V. At the resonance wavelength of 1580 nm, we measured an absorption coefficient of only 5.5 cm at the maximal applicable reverse voltage of ( 29) V. As is evident, the absorption is highly sensitive to the resonance wavelength and the polarization, increasing dramatically as the resonance wavelength approached the bandgap wavelength . When the absorption coefficient increased considerably above the resonance bandwidth ( cm ), the contrast ratio was very low and the resonance bandwidth very large, such that tunability became impractical. The dependence of the measured absorption coefficient on the resonance wavelength and polarization is compatible with the numerical calculations.
Using a constant reverse voltage and changing the incidence beam orientation angle from 0 to 4.5 , we measured the dependence of the wavelength shift on the initial resonance wave- length. Fig. 8 shows the calculated and the measured resonance wavelength shift for a constant reverse voltage of 12 V as a function of the resonance wavelength for TE and TM polarizations. The choice of the relatively low reverse voltage of 12 V allowed measurements even at wavelengths rather close to , where the electrorefractive absorption was considerably high. Fig. 8(a) shows the calculated and measured resonance wavelength shift for the case of TE polarization. It is seen that, as the resonance wavelength approached the bandgap wavelength, , the measured resonance wavelength shift increased. Specifically, an increase of 80% in the resonance wavelength shift was measured, from a wavelength shift of 0.2 nm at the resonance wavelength of 1588 nm to a wavelength shift of 0.36 nm at the resonance wavelength of 1511 nm. Fig. 8(b) shows the calculated and measured resonance wavelength shift for the case of TM polarization. The effect in this case was more substantial than in the TE polarization. Specifically, an increase of over 300% in the wavelength shift is measured, from a wavelength shift of 0.1 nm at the resonance wavelength of 1588 nm to a wavelength shift of 0.43 nm at the resonance wavelength of 1506 nm. As is evident, good agreement between the measured and the calculated resonance wavelength shift was obtained. At a reverse voltage of 12 V, the linear electrooptic effect is not negligible compared to the electrorefractive effect. As a result, in the long wavelengths region, the resonance wavelength shift was higher for TE polarization than for TM polarization. As the wavelength decreased the electroabsorption effect increased, resulting in a larger wavelength shift for the TM polarization.
In summary, we established that as the resonance wavelength is closer to the bandgap wavelength , both the resonance wavelength shift and the absorption coefficient increase. We also established that the resonance shift and the absorption coefficient are larger for TM polarization than for TE polarization. Good agreement between the numerical calculations and the measurements was obtained. The maximum resonance wavelength shift of 0.68 nm was achieved for TM polarization at a resonance wavelength of 1515 nm and a reverse voltage of 24.5 V. The reflected intensity at the maximum wavelength shift was 20% lower than the reflected intensity at the initial resonance wavelength. At the shorter wavelengths, the maximal resonance shift was limited by absorption. At the longer wavelengths where absorption is reduced, the resonance wavelength shift was limited by the breakdown voltage.
VII. CONCLUDING REMARKS
Interest in resonant phenomena in gratings has long been reported. The fabrication of such structures became feasible with the advent of sub-micron photolithography and planar processing technology, where the dimensions are of the order of the wavelength of light and smaller. Such structures of this size scale can be used to manipulate the phase of the light, to give an interference effect with a spectral bandwidth and angular beamwidth that can be tailored for specific applications. Utilizing advanced techniques such as MOCVD or MBE enabled researchers meeting the high accuracy demands required in fabrication of practical devices.
In this paper, we presented an active GWS in which semiconductor materials are incorporated. We considered several effects which induce refractive index changes, both by adapting theoretical analytical models and by resorting to numerical calculations. These effects include the bandfilling effect, the plasma effect, the electrooptic effect, the electrorefractive effect, and some combination of them. Accordingly, we investigated the resonance wavelength shift, the reduction in reflected intensity, and the resonance bandwidth-broadening resulting from these effects. Following these investigations, we considered the active GWS dependence on the semiconductor bandgap wavelength, the illumination wavelength, the free-charge carrier concentration, and the application of an external electric field. Furthermore, we considered the dependence on the geometrical and optical parameters of the structure. The outcome of these investigations was utilized for the design and fabrication of active GWS's with InGaAsP/InP materials based on a reverse-voltage configuration.
Following the fabrication of these active GWSs, we conducted several experimental procedures to support our theoretical predictions and calculations. Specifically, we measured the resonance wavelength shift of an active GWS, as well as the induced absorption as a function of the external voltage, the resonance wavelength, and the incident light polarization. Good agreement between measured and calculated results was obtained.
Finally, we indicate that our theoretical and experimental results suggest that applications such as dynamic narrow-band spectral filters, optical switches, and spatial light modulators may be feasible. Such devices should be useful in advanced signal processing, WDM applications and communications systems. Moreover, since the GWS is inherently planar and can be made to operate with small refractive index changes, it is interesting to contemplate the further possibility of incorporating active GWS modulators directly on semiconductor chips for the optical interconnection of processors.
